Given that rock masses are complex, the geomechanical parameters of rock masses are hard to determine in underground engineering. In this paper, the inverse model and method are established to identify the parameters based on the coupled stress and fluid flow model combined with the finite element method and adaptive genetic algorithm. Moreover, the model and method are applied in the Lianghekou highway tunnel, and the initial permeability coefficients of the stratum and the lateral pressure coefficients of the initial ground stress are identified by the back analysis with relative errors of the measured and fitted values at measuring points below 5%. Results show that the inverse model and method are effective and sound.
Introduction
Rock masses exist in certain geological environments. Groundwater and ground stress are the most important factors that influence the geological environment. Water flow in rock mass changes the initial ground stress status of rock masses, and the change of their stress status influences the characteristics of the fluid flow in the rock masses. The fluid flow and stress affect each other and cause coupling, regardless of whether the fluid flow changes first or vice versa [1] .
The phenomenon of coupled stress and fluid flow has been widely studied in academic and engineering circles, and scholars have conducted extensive research on the seepagestress coupled model. In 1969, Snow first proposed the mathematical equations that show the effect of normal stress on the permeability coefficient by conducting a single-fracture permeability test [2] . In 1974, after conducting a pumping test and theory analyses, Louis proposed that the seepage discharge of fractured rock masses decreases with the increase of the normal stress, and he proposed a corresponding empirical formula [3] . In 1975, Nelson presented the empirical formula of permeability coefficients based on the Navajo sandstone sample seepage-stress test [4] . Nelson's empirical function first displayed the influence of effective stress on the rock mass permeability. Through laboratory tests, Y. Z. Zhang and J. C. Zhang [5] concluded that if the initial fracture width was small, then the seepage discharge and the stress of the fractured rock mass would not have a negative exponential function relationship with each other but a biquadrate relationship. They also suggested that the seepage discharge of the fractured rock mass declined with the increase of the compressive stress and that the seepage discharge increased with the unidirectional compressive stress parallel to the fracture surface. By the investigation and theoretical analysis, Su and coauthors proposed a negative correlation between fracture permeability and fracture normal effective stress [6] . Through the single-fracture 3D stress test, Chang et al. discovered that the fracture fluid flow was influenced by the normal stress and was strongly affected by the fracture lateral deformation caused by the fracture lateral stress [7] . Furthermore, the negative exponential formula was established between the fluid flow and the normal stress. Many researchers have also realized similar relationships in subsequent research [8, 9] . In general, seepage-stress coupling is reflected in the following aspects: on the one hand, effective stress (normal and lateral) controls the fracture width and other geometric shapes of rock masses or the porosity of porous mediums. The effective stress determines the characteristics of fluid flow, indicating the effects of the stress field on the seepage field [10, 11] . On the other hand, the groundwater influences or changes the rock 2 Mathematical Problems in Engineering mass structure by imposing hydrostatic and hydrodynamic pressure, thereby changing the stress status of the rock mass that shows the effect of seepage field on the stress field. The fluid flow and stress interaction enable the rock mass to maintain a dynamic balance [12] .
The analysis of the hydromechanical behavior of rock masses remains an important topic in rock mechanics. It is a critical phenomenon in ongoing challenging issues such as tunneling under high groundwater pressures and the extraction of hydrocarbons from deep and pressurized petroleum reservoirs. Despite continuing and extensive efforts, such analysis continues to be difficult. First, establishing a reasonable hydromechanical constitutive model is difficult. The major difficulty in modeling the fluid flow in fractured rocks involves handling the solid-fluid interaction. The equivalent continuum approach and the discrete fracture network approach have been developed based on the mechanical and hydraulic natures of the rock mass for such modeling [13, 14] . The continuum and discrete approaches have been combined to propose the dual permeability model [15] . In this model, flow in natural pores and cracks are governed by different equations, which may or may not be coupled [16] . Many hydromechanical models have been proposed to overcome these problems. For example, Shao et al. established a coupled constitutive model for anisotropic damage and permeability variation in brittle rocks under deviatoric compressive stresses. The formulation of the model is based on experimental evidences, and the main physical mechanisms involved in the scale of microcracks are considered [17] . From a phenomenological point of view, on the one hand, a microscopic approach is often used to analyze the permeability evolution by the fluid flow through cracks [18] . On the other hand, a macroscopic approach is appropriate for studying the mechanical characteristics of materials, such as the stressstrain relationship after damage. Therefore, Pereira and Arson established the double-porosity model based on a relationship between the microscopic and macroscopic damage tensors, which can simulate the flow through the network of cracks/porosity and evaluate the equivalent permeability [19] . Moreover, Pereira and Arson believed that the pore size distribution (PSD) of the material is coupled to the mechanical behavior of the rock and models the influence of deformation and damage on the permeability and retention properties of cracked porous media [20, 21] . De Bellis et al. referred to the above research to simplify the damaging porous material model through consistent linearization [22] . Their model consists of nested families of equispaced frictional and cohesive faults in an otherwise elastic matrix material. The linear kinematic model preserves the main microstructural features of the finite kinematic one but offers superior computational performance. Meanwhile, determining the parameters of the hydromechanical model is very difficult for actual engineering projects. Three methods are commonly used, that is, theoretical analysis, field measurement, and the back analysis method [23, 24] . First, assumptions are generally made for the derivation, which vary greatly from the actual condition, causing difficulties in applying the derived formula. Test methods consist of laboratory and in situ tests. Laboratory tests usually have an obvious "size effect," and the accuracy of parameters cannot be guaranteed. Meanwhile, in situ tests have a limited measurement range, and the measurement result only indicates the characteristics of rock masses near the sampling point. Several uncertainties occur in identifying the parameters caused by the disturbance of sampling. In addition, in situ tests have disadvantages such as data divergence, less representation, and high costs. Comparatively, the back analysis method is based on the measured physical information (the displacement, strain, water level, and other factors) which reflects the systematic mechanical behaviors. The inversion model can be used to obtain initial parameters of the surrounding rock, and even the inverse model is analyzed occasionally. Now, the back analysis method is widely used because it is a relatively easy and cost-effective technique.
According to the mechanical behavior, the seepage-stress coupled model can reflect the real stress and fluid flow characteristics of rock masses. At present, the back analysis mostly concentrates on the inversion of the model parameters in the single field (the single field is the uncoupled problem, such as the seepage field, stress field, and temperature field), considering that the coupled interaction is obviously different from that of the single field. If the result of a single field back analysis is directly applied to the coupled stress and fluid flow model, then large errors may be generated. Therefore, identifying the parameters with the coupled model is necessary.
Until now, identifying parameters has been the problem when the seepage-stress coupling is considered. Three research ideas have been proposed, one of which is the parameter inverse of the equivalent continuous model for coupled stress and fluid flow analysis, that is, conducting a back analysis on the parameters of the model based on various types of monitoring data and coupling the forward analysis method in a continuous medium or a region considered as a continuous medium [25] . The credibility of the inversion result can be improved significantly compared with that in a single field. The second idea involves considering the rock mass as a discrete fracture medium when the back analysis is conducted. The fractured rock mass or a certain region is considered as a discrete medium, and the discrete fracture model is established in the fluid flow analysis. Meanwhile, the field monitoring data are employed for fitting, and the minimum function is taken as the objective function to identify the parameters of the coupled model [26] . Given the distribution complexity and randomness of the fractures in the rock mass, conducting numerical simulations for the discrete fracture distribution in actual engineering is difficult [27, 28] . Therefore, this idea is rarely applied in actual engineering projects. The third idea is the dual permeability coupled model [29, 30] . The actual monitoring information is applied to identify parameters, which is similar to the process of the two aforementioned ideas. According to this idea, the continuous medium model is adopted when the region has less fracture and poor permeability. The discrete fracture model is adopted when the region has a large fracture or good permeability, which largely depends on the fractures. The third idea is theoretically reasonable. However, the numerical model is complex, and numerous factors have to be considered. Therefore, applying it in practical engineering is complicated.
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In this paper, the inverse model is established based on the equivalent continuum coupled stress and fluid flow model and is combined with the finite element method (FEM) and adaptive genetic algorithm (AGA). Meanwhile, the optimal parameter combination of the coupled model is identified.
Equivalent Continuum Model for
Coupled Stress and Fluid Flow
Equivalent Continuum Mathematical Model for Coupled
Stress and Fluid Flow. Generally, the water quantity is constant when water flows in the rock mass. According to the water balance principle, the mathematical equation of water balance can be established as follows:
where V , V , and V are the conductivity velocity of rock mass in , , and directions; is the water density; is the compression coefficient of rock mass; is the compression coefficient of water; is the porosity ratio of rock mass; ℎ is the hydraulic head; is time. The formula of Darcy's law is shown as follows:
Combining (1) with (2), (3) is obtained as follows:
where is the unit storage volume; , , and are the hydraulic conductivity of rock mass in , , and directions; is the source sink term; ℎ| Γ 1 is the hydraulic head boundary condition; and ( ℎ/ )| Γ 2 is the discharge boundary condition.
According to the properties and seepage characteristic of the fractured rock mass, the seepage-stress coupled model can be classified into the equivalent continuous coupled model, the discrete fracture coupled model, and the dual permeability coupled model [31] . The aforementioned analysis shows that the discrete fracture coupled model and dual permeability coupled model are difficult to apply in the actual engineering. The representative element volume (REV) is relatively small for some rock masses. Therefore, the equivalent continuous coupled model is used for the seepage analysis.
The seepage control equation can be deduced from formula (1) . The seepage control in Equation [32] is as follows:
where is the seepage water pressure, including hydrostatic pressure and hydrodynamic pressure; [ ] is the total seepage matrix; { } is the source sink term; [ ] is the unsteady seepage storage matrix; and { / } is the array that shows the change rate of the hydraulic head with time.
In an equivalent continuous medium, the FEM discretized process of the stress field is derived in [32] . The stress control equation is shown as follows:
where { } is the total stress array; [ ] is the known load array; { } is the displacement array; [ ] is the stiffness matrix; [ ] is the elastic matrix; and [ ] is the geometric matrix. The linear interpolation functions are used when the FEM method is adapted to solve coupled problem. By combining the seepage equations of equivalent continuous medium, stress field equations, and seepage-stress coupling formula, the mathematical model for the coupled stress and fluid flow analysis [33] is as follows:
where = ( , ) is the empirical formula of the coupled stress and fluid flow, is the effective normal stress, and is the permeability coefficient tensor. The permeability coefficient tensor of the equivalent continuum coupled model was listed in [34] . Details are as follows:
where is the component of the permeability coefficient tensor; , , and are the coefficient tensors of the , , and directions. The permeability coefficients , , and are used in seepage analysis of the equivalent continuous model. The permeability coefficient is closely related to the effective normal stress and the seepage pressure according to the current research. In fact, some scholars think the permeability coefficient is positively correlated with the water pressure but negatively related to the stress [30, 34] . The initial permeability coefficients of the , , and directions ( 0 , 0 , and 0 ) will be identified in this paper. 
Numerical Method of Equivalent Continuum Coupled
Model. In the equivalent continuum coupled model, the iteration method is used for the analysis. Before the analysis process, the numerical analysis programs of the seepage field and stress field are set up, respectively. The simulation result of the single field is employed as the boundary conditions of each other and the external load. When the calculation precision meets the convergence condition, the simulation result is obtained using an iterative calculation. The basic steps are as follows:
(1) The initial stress field of rock masses (0) is calculated.
(2) The initial permeability tensor (0) of different strata in the calculation area is computed according to the calculated initial stress field (0) .
(3) The seepage field is estimated according to the boundary conditions and the initial permeability tensor.
(4) The hydrodynamic pressure and hydrostatic pressure are determined according to the seepage field calculation results. Then other load increments are considered, the stress increment Δ is analyzed, and the stress field (1) of this moment is obtained.
(5) The seepage tensor (1) is assessed in the new stress field according to the stress field and the empirical relationship of the two fields. 
Parameter Optimization of the Inversion Method

Main Parameters to Be
Inversed. Many parameters are required when conducting the coupled analysis, which include the parameters of the seepage field, the parameters of the stress field, and the coupled coefficients of the two fields. In this process, parameters that need to be determined are classified into four types according to their properties:
(1) physical and mechanical parameters of the stress field, namely, the rock mass gravity , elasticity modulus , Poisson ratio , cohesion , and internal friction angle ; (2) parameters of the seepage field, including the permeability coefficient of different strata or the facture aperture, and the normal stiffness of the facture rock masses; (3) parameters related to the in situ stress field, for example, the lateral pressure coefficient of initial ground stress; and (4) the coefficients of the coupled empirical relationship. The details are shown in Table 1 . Several parameters are determined easily by the laboratory tests, such as the rock mass gravity , elasticity modulus , Poisson ratio , cohesion , and internal friction angle . Other parameters (displacements of structures or surrounding rocks , stresses of structures or surrounding rocks ) are also identified by the field tests. In fact, determining the permeability coefficients of different strata, the coefficients of the coupled empirical relationship, and the lateral pressure coefficients of ground stress by the tests is difficult. Therefore, these parameters are usually selected as the inversed parameter.
Objective Function of Back Analysis.
Considering that the hydraulic heads and displacement information belong to different series, in the calculation area, the minimum error between the measured value and computation value in the measuring points is taken as the objective function. Therefore, the objective function of back analysis is constructed as follows:
where ℎ is the calculated hydraulic head value at the measuring point ; ℎ is the measured hydraulic head value at the measuring point ; and are the numbers of hydraulic head and displacement measuring points, respectively; is the calculated displacement value at the measuring point ; and is the measured displacement value at the measuring point . In the aforementioned formula, the relative values of the hydraulic head and displacement are adopted to make the objective function a dimensionless numerical function. Thus, the dimensionless numerical function can avoid other problems caused by dimensional differences and facilitate the algorithm convergence judgment during the optimization.
Adaptive Genetic Algorithms.
In the traditional genetic algorithm, crossover rate and mutation rate are the key factors influencing the behavior and performance of genetic algorithm. However, these factors are predetermined in the traditional genetic algorithm, and and should be determined through repeated tests specific to different optimization problems so that they can be trapped by local optimal solution. To solve the problem, an AGA, in which and change automatically with the adaptability, is presented in this paper [35] . In an AGA, the algorithm increases the values of crossover rate and mutation rate automatically according to the individual fitness. When the individual fitness is higher than the average fitness corresponding to lower and , the next generation can be protected by the solution. Instead, when the individual fitness is lower than average, the AGA adopts the higher crossover rate and mutation rate. Thus, the optimal solution obtained can prevent the algorithm from falling into the local optimum solution.
Inversion Analysis Procedures.
The inversion analysis approach and procedures can be established as follows based on the objective function, the type of parameters to be inversed, the AGA, and the coupled characteristics between the stress and fluid flow of rock masses:
(1) The parameters to be inversed are selected according to actual engineering conditions. (2) The variation range of the parameters to be inversed is defined according to test results or the engineering experience. (3) The AGA is adopted to transform the parameters into coded strings. Meanwhile, initial groups are generated at random within the preset parameter scope. Calculate seepage field and displacement using iterative algorithm between the two fields Highway tunnel #1 for hydropower traffic engineering is 5855 m through the Xiala Mountain. The tunnel pile number is K7+480-K13+335. Rock masses of the tunnel area of the highway tunnel #1 are mainly distributed in the middle of the Lianghekou group (T3In2). The rocks are dark-gray to gray-black sandy carbonaceous slate and metamorphic quartz sandstone, which are developed in layers, and the joints are undeveloped. The main mineral composition of the rocks is feldspar and quartz stone. No large fault and fault structure exist in the engineering area, where the rock masses mainly contain structural joints. Groundwater is classified into quaternary loose accumulation layer pore water and bedrock fissure water. The rechargeable sources of the quaternary loose accumulation layer pore water mainly comprise surface runoff and atmospheric precipitation. By contrast, the recharge source of bedrock fissure water is far less diversified. Most of the water comprises atmospheric precipitation and a small amount of melted snow water from high mountains. The Lianghekou Tunnel has a simple monoclinal structure composed of hard fine-grained quartz and sandstone. The rock masses are broken without bad geological and special strata. The surrounding rock of the tunnel comprises Lianghekou group weak weathering fine-grained quartz sandstone, which is mainly classified as grade IV.
Case Study
The pile number of field test section in the tunnel is K8+450-K8+600, whereas the average buried depth ranges from 595 m to 603 m. Rich groundwater is contained in the rock formation because of abundant rainfall in the area. According to the engineering geological investigation report, the buried depth of groundwater in the test section is approximately 127-135 m, and the groundwater is located in the weakly weathered layer. The rock masses in the area of highway tunnel #1 are mainly distributed in the middle of the Lianghekou group (T3 In2 ), which are dark-gray to gray-black sandy carbonaceous rocks. The grade of the surrounding rock in the test section tunnel is IV. The tunnel was built by the benching tunneling method. The preliminary support parameters are as follows: the diameter of the anchor is 25, and the length is 4.0 m. The longitudinal seam and circumferential spacing are 1.2 m × l.2 m. The anchor wall is constructed by 8 (20 cm × 20 cm) reinforcing mesh. C25 shotcrete with a thickness of 20 cm is used in the preliminary support structure. The waterproof board is 1.2 mm thick. The steel frame implements are I16 H and @80. The mechanical parameters of the shotcrete and grouting anchor layer are listed in Table 2 . The construction method is shown in Figure 2. 
Parameters to Be
Inversed. The effects of high water pressure on tunnel stability should be considered because the groundwater level is high. The buried depth is high and the ground stress is huge because the area is located in the deep-cutting high-mountain area to the east of the Tibetan Plateau. Therefore, the effects of the initial ground stress on the tunnel stability should also be considered. According to the aforementioned analysis, the coupled function should be considered in the tunnel.
In this project, the initial ground stress is high because the buried depth is about 600 m. Therefore, determining the lateral pressure coefficients and of the initial ground field in the tunnel area is important. Meanwhile, the effects of groundwater on the surrounding rock stress are the key to analyzing the seepage-stress coupling. The initial permeability coefficient 0 is selected as the inversed parameter. Given that the groundwater is located in the weakly weathered sandstone layer, the permeability characteristics of the weakly weathered sandstone layer, metamorphic sandstone layer, and metamorphic quartz sandstone layer are relatively close on the basis of the engineering experience. Therefore, the initial permeability coefficients of the three strata are assumed to be identical in the process of the inverse analysis. The modulus of elasticity , Poisson ratio , and frication angle have already been measured by the laboratory test and will not be inversed this time.
Numerical Model and Boundary Condition
Finite Element Model.
Tunnel pile number K8+500-K8+550 is employed as the test segment. A geological survey shows that the average buried depth of this tunnel in vertical direction is approximately 600 m, and the average buried depth of the groundwater is approximately 132 m from the tunnel vault. The strata are generally divided into five layers from top to bottom: the strongly weathered sandstone layer, the weakly weathered sandstone layer, the metamorphic sandstone layer, the metamorphic quartz sandstone layer, and the weakly weathered fine quartz sandstone layer. Table 3 shows the mechanical parameters of each geological layer.
A total of 83,176 nodes and 462,398 tetrahedron elements exist in the calculation area. The tetrahedron elements include 1,816 nodes for the surrounding rock of grouting anchor layer, which are divided into 6,237 elements, and 1,632 elements for the C25 sprayed concrete layer, which are distributed into 3,200 elements. Figure 3(b) shows the FEM.
In the whole coordinate system, the coordinate origin is , which is located 100 m below the tunnel vault. The width of 50 m is chosen along the left and right of the calculation area. The actual calculation area is 244 m × 100 m × 50 m. Direction is perpendicular to the tunnel axis. Direction is the vertical direction, and forward denotes the positive direction. Direction is consistent with the direction of the tunnel axis (see Figure 3(b) ). The engineering geological condition is divided into four layers in the physical model from top to bottom: the weakly weathered sandstone layer, the metamorphic sandstone layer, the metamorphic quartz sandstone layer, and the weakly weathered fine quartz sandstone layer. The different strata thicknesses are as follows: 60 m for the weakly weathered sandstone layer, 50 m for the metamorphic sandstone layer, 64 m for the metamorphic quartz sandstone layer, and 70 m for the weakly weathered fine quartz sandstone layer. The thickness of the grouting anchor layer is 4 m. The calculation area is shown in Figure 3 (a).
Boundary Condition
(1) The geological investigation shows that, in the area of tunnel pile number K8+500-K8+550, the groundwater level measured above the surrounding rocks is approximately 132 m, and the groundwater is located in the weakly weathered sandstone layer (see Figure 3(a) ). According to the actual construction condition, a large amount of groundwater should have been infiltrated. However, given that the new Austrian method is adopted, the tunnel grouting sealing and preliminary support structure are performed timely. Therefore, the change of groundwater level will be ignored, and the buried depth of the groundwater is assumed to be 132 m.
(2) In the seepage field, the free surface above the tunnel is 132 m, the computation region is assumed to be a plane, the profile surface inside the tunnel is a seepage-free surface, and the pore water pressure is 0. The at the bottom, left, and right sides are all impervious boundaries.
(3) The at the bottom is far from the tunnel excavation face. Thus, the displacement of the plane at these three directions is assumed to be 0. The displacement at direction in the plane at the left and right sides is also supposed to be 0. Meanwhile, if K8+500 is used as the start point, then the = 0 m profile along the axis direction is the common plane of the front and rear construction sections. The deformation is stable because the tunnel has already been excavated and the preliminary support structure was made in the previous period. Therefore, the displacement of this section at direction is assumed to be 0. For the = 50m section along the axis direction, the rear surrounding rock is not excavated and the displacement of the section at direction is also assumed to be 0.
(4) The initial ground stress at direction is generated by the dead weight of rock masses, and the initial ground stresses at directions and are related to buried depth and the tectonic stress. The main objective is to identify the lateral pressure coefficients. To simplify the analysis, we assume that the lateral pressure coefficients of different buried depths were the same in this model. Initial ground stresses at directions and are assumed to be and , respectively.
Objective Function.
Considering that the hydraulic head is constant, measuring displacements are only adopted as compared information. Therefore, the objective function of back analysis is constructed as follows:
Water Pressure Analysis.
When the groundwater effect is analyzed, the hydrostatic pressure and seepage hydrodynamic pressure should be considered. The seepage hydrostatic pressure is
The seepage hydrodynamic pressure ⃗ is
where , , and are the components of the seepage body forces in directions , , and , respectively. In the equivalent continuous medium coupling model, the relational expression between the seepage field and stress field is considerably important. In this analysis, the relational expression between the stress and permeability coefficient is used as the relation equation, and the parameters are inversed by using the equivalent continuous coupled model. The relational expression of the coupled stress and fluid flow adopts a Louis empirical formula, as shown in the following equation:
where 0 are the initial permeability coefficients of the , , and directions; is the Poisson ratio; is the rock mass density; is the effective normal stress and its direction is perpendicular to the main permeability direction; is the seepage pressure; is the coupling coefficient between the seepage and stress fields; and 1.0 is the calculated value. The vault settlement is measured using a PENTAX R-322 total station with a precision of 1 mm + 1 ppmm, whereas the clearance convergence is measured using a JTM-J7100 steel rule convergence gauge with a precision of 0.01 mm. The deformation of six sections from K8+500 to K8+550 is monitored, and the results are shown in Table 4 .
Back Analysis of Parameters.
The 3D-BackCSS back analysis procedure is compiled and used in this paper. The pore water pressure, normal stress in direction , and normal stress in direction of each tunnel section are obtained through the coupled analysis, as shown in Figures  6 and 7 . Although the analysis results of the five sections are different, the results of the section of each pile number have a similar tendency. Therefore, only sections K8+510 and K8+550 are used to reveal the law. Figure 6 shows that the internal profile of the tunnel is a free surface and that the pore water pressure is 0 MPa. In the tunnel profile line with a 30 m × 56 m (height × width) area, the hydraulic head is regular in the circular ring. Meanwhile, the maximum hydraulic head occurs at the bottom of the calculation area. This trend is consistent with theory and engineering practices, and the size of pore pressure is reasonable. The maximum normal stress of the two sections in direction occurs near the vault of the tunnel, as shown in Figure 7 . The vault and inverted arch with the largest deformation have the minimum stress, and is approximately 0.5-0.6 MPa. The location with the largest deformation has a smaller stress value because part of the stress is released. In a certain range of the tunnel portal, especially near the bottom arch, stress concentration is likely to occur as a result of large deformation constraint. Therefore, the stress is large, which is consistent with the actual condition.
After 180 iterations of the optimization calculation, if the value of objective function is 0.0318, then the measured displacement and fitting displacement deviation of the measuring point reach the minimum. Given that the model is established with a large height and width, all calculation results of this project indicate that the range is 30 m × 56 m (height × width) for better analysis and comparison of the numerical calculation results. The results are presented in Figure 8 . The results show that the maximum settlement of the tunnel occurs at the vault and that the displacement value is approximately 50 mm. The maximum displacement in direction occurs in the part of the tunnel with the maximum width, and the maximum horizontal displacement reaches 48.6 mm.
Deviation between the measured and fitted value can be determined by comparing the measured vault settlement value and clearance convergence value with the fitted vault settlement and clearance convergence value in the same section. The details are shown in Table 4 . As listed in Table 4 , section K8+530 has the largest error between the measured and fitted vault settlement values, with an error of 3.8 mm and a relative error rate of 2.2%. Section K8+510 has the smallest error between the measured and calculated vault settlement values, with an error of 1.1 mm and a relative error rate of 2.2%. Section K8+510 has the largest clearance convergence displacement error of 4.8 mm and a relative error rate of 11.4%, whereas section K8+520 has the smallest clearance convergence displacement error of 0.2 mm and relative error rate of 0.4%. In general, the average error is below 5%, and the result is rational. After optimization analysis, the error between measured displacement and fitted displacement of the measuring point reaches the minimum when the value of objective function is 0.0318. The inverse parameters are identified, and the result is shown in Table 5 . After comparing the measured and fitted displacement values of the five pile sections, aside from individual values, the law is obvious: the fitted values of the tunnel vault and fitted value of clearance convergence value are larger than the measured values. In fact, this result reflects a problem in the displacement measurement process. During the tunnel excavation process, a time difference exists between the completion of excavation and the first measurement. Generally, the time difference exceeds 6 hours. The displacement will occur in this time. In addition, the excavation causes the deformation of surrounding rocks before the excavation of the tunnel face. Therefore, the fitted values are always larger than the measured values. From the measuring process, the tunnel has a rapid deformation rate in the early phase. During this period, the part of the deformation occurs in a short period. However, the deformation monitoring lags behind the actual deformation. Therefore, the actual deformation is larger than the measured deformation, but estimating the specific value is challenging. The calculation and analysis are performed according to the surrounding rock condition, relative mechanical parameters, and stress condition, with the fitted tunnel deformation certainly larger than the measured value. Thus, the parameters obtained from back analysis are greater than the measured value.
Conclusions
The equivalent continuous coupled model was adopted in this study by considering the hydrostatic pressure and seepage pressure. The error between the measured and fitted values of the vault settlement and clearance convergence was adopted as the objective function. Meanwhile, the back analysis was conducted and the initial permeability coefficients and lateral coefficients of initial ground stress are identified by combining the FEM with the AGA. The main conclusions are as follows:
(1) The inversion model and method for the coupled stress and fluid flow analysis were established by combining FEM with AGA. The initial permeability coefficients of the stratum and the lateral pressure coefficients of the initial ground stress were identified by the back analysis. This algorithm overcomes the limitations of the traditional optimization algorithms, in which the inversion result significantly depends on the initial value of and and tends to fall into the local optimum when the inversion analysis is performed.
(2) The inverse model was applied in Lianghekou highway tunnel. According to the measured results of tunnel test sections, the relative error of vault settlement in five sections ranged from 2.2% to 7.7%, whereas the relative error of clearance convergence ranged from 0.4% to 11.4%. In general, the average error was below 5%, and the error was small. The results show that the established inversion analysis method and model are effective.
(3) After a 180-iteration optimization calculation, the optimal parameter combination of the initial permeability coefficients and the lateral pressure coefficients was obtained when the objective function value was 0.0318. According to the actual conditions, the inversion results are reasonable. The proposed method takes advantage of the AGA and has both the speed and precision of the back analysis.
